Summary. Exposure of male mice to 6 Gy of X-rays resulted in a very rapid and extensive sloughing of the germinal epithelium as shown by the accumulation of nonsperm cells within the lumen of the epididymis. These cells were identified as stage 1 and 2 round spermatids. After accumulating in the caput, they progressed through the epididymis over the weeks of sampling and, by Week 9 after irradiation, they had completely disappeared from the organ. It is suggested that the precocious loss of round spermatids is responsible for the induction of oligospermy within the testis and the caput epididymidis. Similar sperm losses from the cauda epididymidis were not observed.
Introduction
A great deal of interest has been generated by the phenomenon of radiation-induced sperm malfor¬ mation in rodents (Bruce et al., 1974) . Hypotheses about its cause range from induced mutations to chromosomal aberrations and even DNA loss (Pinkel et al., 1983) . In view of the fact that human males undergoing radiation therapy are also prone to develop the same symptoms (Hahn et al., 1976; Wyrobek et al., 1980) , the investigation of the dynamics behind these malformations is of considerable practical importance. Previous reports have indicated that the peak elevation in abnormally shaped spermatozoa occurs at 5 weeks after the initial exposure and coincides with the concurrent development of an oligospermic condition (Bruce et ai, 1974) . Because of this unique timing, it has been suggested that early spermatocytes are the cells which sustain the damage (Bruce et al., 1974; Meistrich et al., 1978) . However, the data upon which these hypotheses are based have been limited to determining the kinetics of malforma¬ tion from caudal samplings alone. The rationale for this is that caudal spermatozoa are most mature and this therefore obviates the need to invoke possible maturational insufficiencies as likely intervening factors in the observed effects. For this to be valid, however, the assumption must be made that the kinetics of spermatogenic cell damage, as acertained through caudal samples only, is reflective of all damages sustained by the testis. This point of view is not justified since there has been no systematic inquiry into this matter.
Further justification for a detailed study of the kinetics underlying the X-ray generation of malformed spermatozoa is based on the observation that, with time, both the oligospermic con¬ dition and the elevated abnormal sperm frequency abate and a trend toward the normal preirradiation levels is observed (Bruce et ai, 1974) . It is not known whether recovery is complete or whether continued sperm production by the individual has been affected by residual damage. However, since this trend is anticipated, there is concern about the possible genetic consequences of fertilization involving spermatozoa whose genetic integrity may have been permanently compromised by radiation.
A more thorough understanding of the events occurring after irradiation, particularly as it applies to both the testis and the epididymis, is obviously needed. A knowledge of the synchroniza¬ tion between these organs is fundamental to the elucidation of the reaction of these tissues to X-ray damage as well as to the mechanism of recovery. In this investigation, I provide a detailed analysis of the responses of the testis, the caput and the cauda epididymidis of the mouse to the effects of a single dose of X-rays.
Materials and Methods
The procurement, maintenance, and the irradiation of the SW mice used in this study have been previously described (Pogany et ai, 1981; Pogany & Lewis, 1985) . Briefly, all animals, including controls, were anaesthetized with pentobarbitone sodium (80 mg/kg body wt) and placed under the beam of a Picker C4M/60 therapeutic unit 80 cm from the source and within a field of 12 12 cm. Only the pelvic area was irradiated. Beginning on the day of irradiation and every week thereafter 2 control and 3 exposed animals were lightly anaesthetized and killed by cervical dislocation. The desired organs were separately dissected in cold Tris-saline (0-01 M-Tris in 0-9% (w/v) NaCl, pH 80) except for the testes which were first freed from the tunica before maceration. Randomly selected epididymides were used for histological processing and examination. The sperm suspensions were filtered through muslin to remove cellular debris. Sperm numbers were determined for each preparation using a haemocytometer loaded on both sides. To 0-9 ml of each sperm suspension, 0T ml of a 1% Eosin Y stock was added, mixed, and allowed to stand for 60 min (Balhorn et al., 1977) , were washed 3 times in Tris-saline to remove the excess CTAB-DTT. The final pellet was resuspended in 2 ml Tris-saline and a sample of 0-2 ml was transferred to 0-8 ml 5 M-guanidine hydrochloride and read in a Beckman DB-GT spectrophotometer at 260 nm. From the remaining suspension, 1 -5 ml were filtered onto Millipore filters (type SC, 8 µ ) and dried. The filters were then transferred to 10 ml Instagel scintillation fluid and counted in a Tracor Analytic, Model Delta 300 spectrometer with windows set at a maximum of 260 and a minimum of 0. The final values were expressed as counts per mg DNA determined from the spectrophotometer readings (extinction coefficient = 20).
The data were statistically analysed using Student's t test (two-tailed). The comparisons were made between the means of the control and exposed animals and included the standard error (s.e.). A probability of = 005 was selected as the level of significance.
Results

Histological examinations
Epididymides of exposed mice showed evidence of infiltration of the caput by what appeared to be spermatogenic cells. Low-power photomicrographs indicated that the invasion was very exten¬ sive and rapid since most epididymal tubules were already filled 24 h after the administration of 6 Gy to the reproductive system ( Fig. 1) . Subsequently, the cellular infiltration progressed to more distal sections of the epididymis. By 3 weeks after exposure the spermatogenic cell mass appeared in the corpus and, in 2 more weeks, it could be seen within the cauda (Fig. 2) . While the sporadic sampling of these epididymides did not allow for the precise evaluation of the movement of these cells, the 4-5-week transit time from the caput to the cauda indicated that their movement through the organ was much slower than that of spermatozoa. The ultimate fate of these cells could not be determined under the present experimental conditions. However, their complete clearance from the lumen of the epididymal tubules was evident by Week 9 (Fig. 2) .
A more detailed examination revealed that the invading cells represented a heterogeneous population. A major component was tentatively identified as round spermatids because of the granular character of their nuclei in contrast to the more fibrillar nuclear condition of other spermatogenic cells such as spermatocytes. The presence of juxtanuclear acrosomal granules has also contributed to characterizing them as step 1 and 2 spermatids (Fig. 3, arrows) . The consider¬ able heterogeneity in nuclear size further supported their identity as spermatids since a similar condition after irradiation has been reported by Oakberg (1975) . Pycnosis was also evident (Fig. 3 , 'p') and attested to the severity of the radiation damage. A few dividing cells could also be recog¬ nized (Fig. 3, ' (Oakberg, 1975) , the results were expressed as the ratio of spermatids to Sertoli cells. The identification of the two types of nuclei was based on previous descriptions (Bloom & Fawcett, 1962; Clermont, 1963) .
The reduction in the number of round spermatids was significantly depressed (Fig. 4) by 24 h after irradiation when compared to the control ratio of spermatids to Sertoli cells (P < 0-025). Fig. 1 (Fig. 6) Because of the possible involvement of two populations of cells in the generation of abnormal spermatozoa, it seemed desirable to enquire whether their response to radiation damage was also distinct in terms of the types of shape abnormalities they each could produce. The perturbations in shape that a single dose of 6 Gy produced are shown in Fig. 7 . The changes in the testis were characterized by a long-term decline in the frequency of perforatorium defects. Concurrently, there was a marked increase in the incidence of collapsed spermatozoa. Variations of smaller amplitude could also be seen in the other types of abnormalities, particularly in the case of the 'unidentifiable' and 'doubles' categories which displayed transient increases. The clear similarity between the testicular profiles of abnormal spermatozoa at 2 and 5 weeks after irradiation indicated that responses to X-rays could not be attributed to specific cell populations. Return to an approximately normal distribution of sperm shape abnormalities occurred by Week 9. Taken together, the data on the incidence of abnormal spermatozoa and the distribution of abnormalities indicated that the induction of shape alteration could overlap several spermatogenic cell populations, but that their response to damage was uniform. None of the temporal changes in the frequencies detected in the testis was reflected in the epididymal samples. In the epididymis, the distributional pattern of abnormality types was similar to that of control samples (not shown). The apparent lack of disper¬ sion from the testis where cell shape is determined suggested that sperm movement was either reduced or absent, thus resulting in the accumulation of locally induced damage. To test for this eventuality, an investigation of labelled spermatozoa was undertaken.
Kinetics ofsperm movement
Contrary to expectations, the detailed analysis of labelled sperm movement revealed that the rate of transport was not affected by irradiation (Fig. 8) . In control and experimental mice, labelled spermatozoa first appeared in the testis about 20 days after thymidine injection. According to peak labelling, the total transit time from the testis to the cauda was 5 days. The superimposability of the kinetic curves derived from the testis and the regions of the epididymis demonstrated that the progress of spermatozoa was unimpaired by X-rays. Within that time span, it took 24 h for sperm¬ atozoa to migrate from the testis to the caput epididymidis. Fluctuations of the label in the cauda epididymidis probably reflected considerable mixing with resident masses of gametes.
Discussion
The accumulation of radiation-induced malformed spermatozoa occurs in two phases, each apparently comprised of unique cellular elements. The first arises as a consequence of the rapid sloughing of non-dividing spermatids from the germinal epithelium. Those cells that remain associated with Sertoli cells most probably mature abnormally and, therefore, contribute to the malformed gametes which develop after exposure. The second phase of misshapen spermatozoa is provided by injured early spermatocytes whose contribution to the increased frequency of abnor¬ mally shaped spermatozoa is made 4-5 weeks after exposure. Based on morphological criteria alone, there are no indications that the damage in each of these populations is unique. Hence, the morphological response of spermatogenic cells to radiation damage seems to be generalized.
The contribution that spermatogonia make to the phenomenon of sperm loss (Edwards & Sirlin, 1958; Oakberg, 1959; Clow & Gilette, 1970) seems questionable since the azoospermic con¬ dition is already established 3 weeks after irradiation instead of the 35 days that it would require (Meistrich et al., 1978) . Based on the data presented, the role of surviving spermatogonia may be limited to the recovery phase of the regenerating epithelium.
There does not seem to be strong support either for the hypothesis that damage to sperm¬ atocytes is primarily involved in sperm losses. Injury to spermatocytes usually takes the form of a detectable delay in sperm production. The data on labelled spermatozoa clearly show that sperm¬ atocytes are impervious to radiation even at 600 rads since they produce spermatozoa at the same rate as control animals. A similar absence of a delay was reported by Bateman (1956 Bateman ( , 1958 . While discrete stages of meiosis are known to be susceptible to radiation damage (Oakberg & DiMinno, 1960) , the dose used here is well within the tolerance of the more resistant meiotic stages of spermatocytes.
Spermatophagy by Sertoli cells (Fawcett & Burgos, 1956; Bawa, 1963) or by testicular macrophages (Holstein, 1978) has also been invoked to account for sperm losses. Its proper role is difficult to assess since little reference is normally made to it even in well documented cases of reduced sperm counts. It is suggested that testicular spermatophagy is unlikely to induce the 98% sperm loss observed here. In addition, no spermatophagy was ever observed in conjunction with the non-spermatogenic cells present in the epididymis of irradiated animals. The combined evidence overwhelmingly favours the hypothesis that epithelial sloughing is responsible for sperm loss in irradiated animals.
The absence of a demonstrable azoospermic condition within the cauda epididymidis is con¬ trary to previous reports on the effects of radiation (Bruce et al., 1974; Hahn et al., 1976; Wyrobek et al., 1980) . This may be the result of inappropriate definitions since an oligospermic condition must exceed the 50% fluctuation in sperm number that normally characterizes the cauda. For this reason, the monitoring of testicular sperm number may be a better indicator of sperm dynamics as others have already discovered (Meistrich et al., 1984) .
The appearance of non-sperm elements in damaged epididymides has been reported before (Abe et ai, 1982; Auroux, 1984) but has not previously been linked to radiation injury. The apparent homogeneity of the sloughed population indicates that the epithelium is specifically affected by the irradiation. A possible cause for this selectivity is the stringent relationship that seems to exist between Sertoli cells and round spermatids (Zipparo et al., 1980; Boitani et ai, 1983; Welsh et ai, 1985; Van Der Donk et ai, 1986) . Severe disturbances such as ionizing radiation may, therefore, upset the delicate balance between the two populations of cells and disrupt their association.
However extensive the sloughing of round spermatids may be, the data are inconsistent with the more gradual decline in sperm numbers observed in this study (Fig. 7) . Perhaps a significant pro¬ portion of immature spermatids may remain unaffected and eventually mature into spermatozoa. Alternatively, the selective detachment of round spermatids may leave more mature spermatids potentially capable of completing their ultimate maturation. The development of azoospermia could therefore be due to the combination of cellular loss followed by the maturation depletion of resistant elements.
The timing of the emergence of increased malformed spermatozoa indicates that maturational dysfunction during spermiogenesis may also occur in addition to mutational events in spermato¬ cytes (Bruce et ai, 1974) . The probability that structural elements in mature spermatids and spermatozoa can be affected by ionizing radiation is inferred from other studies in which alterations in membrane proteins were reported (Todo et al., 1982; Schuurhuis et al., 1984) . Con¬ siderations of mature sperm DNA being also affected by gamma irradiation cannot be excluded and are presently being investigated. These should significantly enhance the study of the chromosomal nature of radiation damage conducted in other laboratories (Generoso et al., 1984) .
The disparate distribution of abnormality types throughout the reproductive system of mice is presently unclear. The unimpeded movement of spermatozoa from the testis to the caput is accom¬ panied by the selective removal of certain morphologically aberrant types of gametes. That the spermatophagic activity of Sertoli cells is enhanced when challenged with damaged cells (Holstein, 1978) or during reproductive pathologies leading to subfertile conditions (Schulze et al., 1976) has already been shown. But the mechanism behind its apparent selectivity remains to be elucidated.
The resiliency of the reproductive system to radiation damage substantiates a similar report by Edwards & Sirlin (1958) in which sperm movement was unaffected by a 500 rad dose. This, how¬ ever, has the practical effect of populating the cauda epididymidis with a large complement of abnormally shaped gametes whose genetic and developmental potential could be severely com¬ promised. Continued efforts to resolve the biochemical nature of radiation damage on gametes are, therefore, entirely warranted. The determination of damage to key biochemical constituents such as DNA and membrane proteins may be particularly useful.
